Abstract Twenty cypress accessions were tested for freezing tolerance. After freezing to −15°C, differences among cypress accessions were tested by measuring electrolyte leakage and chlorophyll fluorescence. Based on these data, cypress accessions showing contrasting freezing tolerance were subjected to transcript profiling of candidate genes upon the development of cold hardening, with the ultimate goal of providing a scientific basis for selecting/breeding cypress genotypes with higher tolerance to low temperature. Nine different cypress genes were selected: a heat shock protein, a putative chaperonin, a chlorophyll-binding protein, a serine/threonine protein kinase, a putative exonuclease, a dehydrin, and three senescenceassociated proteins. Transcript levels of these genes were profiled during cold hardening under controlled conditions using real-time reverse-transcription-polymerase chain reaction. While the genes showed regulation patterns common to both cypress accessions, in the case of chaperonin, exonuclease, and some senescence-associated proteins, clonal differences in gene regulation were found. The potential relationship of these differences with cold tolerance is discussed.
Introduction
Common cypress (Cupressus sempervirens L.) is a conifer species native to the eastern Mediterranean region. The tree is mainly used as an ornamental tree due to its conical crown shape, but it can also be used for timber, as a privacy screen, and protection against wind as well. Moreover, cypress has proved to be very suitable as a pioneer species for reforestation as it can tolerate poor, barren, and superficial soils. For all these reasons, cypress has been introduced in geographic areas that extend far beyond its natural distribution (Bagnoli et al. 2009 ), and today the tree is widely cultivated throughout the southwestern Europe. Cypress is relatively adaptable to a range of temperatures. Although it prefers dry hot summers and mild winters, it can also tolerate more continental climates. Mature cypress can usually survive harsh winters with temperatures below −15°C (Larcher 2001) , and there are records of resistance at −23°C (Raddi and Panconesi 1989) , but under such conditions, severe damage with loss of considerable crown area may occur.
A global climate change with a general temperature increase has been predicted (IPCC 2007) . This change has been particularly evident in the last 30 years, when average surface temperatures increased by 0.2°C per decade (Hansen et al. 2006) . As a result, natural distributions of animals and plants have already shifted northwards and towards higher elevations within the boreal hemisphere (Lenoir et al. 2008; Kelly and Goulden 2008) . It is therefore likely that the distribution of cypress will gradually follow the same trend as the tree is planted more northward in Europe (Zocca et al. 2008) . At the species' range margins, the possibility of damage due to an exceptionally cold winter will increase, making low-temperature tolerance one of the main characters to be considered in the breeding of cypress for the northern territories.
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Low-temperature resistance in plants is a very complex trait, involving many different metabolic pathways and cell compartments (Hannah et al. 2005) . The main effect of cold damage in plants is the disruption of cellular membranes and structures due to the formation of extracellular ice crystals which induce a rapid loss of water and consequent desiccation (Pearce 2001; Larcher 2003) . Several methods have been developed to quantify the frost damage to plant membranes. The most frequently used is the determination of electrolyte leakage from plant tissue after freezing and thawing using conductivity measurements (Rohde et al. 2004) . This method provides information about the ability of plant membranes to function as a semi-permeable barrier for intracellular ions, but does not take into account the damage to chloroplast membranes. As shown by electron microscopy (Hincha and Schmitt 1992) , chloroplasts are also damaged during freezing and thawing, resulting in inactivation of photosynthesis (Krause et al. 1988 ). Chlorophyll fluorescence measurements, through the calculation of the maximum quantum efficiency of photosystem II (F V /F M ; Mohammed et al. 1995) , can be effectively used to monitor the loss of photosynthesis efficiency, as originally demonstrated in spinach (Schmidt et al. 1986 ). Regarding conifers, this method has been used to detect freezing damage in needles (Lindgren and Hällgren 1993; Binder and Fielder 1996; Baker and Rosenqvist 2004 , to examine photosynthesis efficiency in canker-susceptible and resistant cypress clones (Muthuchelian et al. 2005) , and to measure aging-associated changes in cypress (La Porta et al. 2006) .
From a molecular point of view, a great number of genes are regulated by plant exposure to low temperatures (Smallwood and Bowles 2002) . The majority of plants living in temperate climates are capable of developing a certain degree of frost resistance when exposed for some days to low, but nonfreezing temperatures (Chinusamy et al. 2007 ). This phenomenon is called cold acclimation or hardening and involves changes in cell metabolism and gene expression (Thomashow 1999) . It has been shown in many plant species that a considerable transcriptional reprogramming takes place during hardening. A typical example is represented by dehydrins, which are thought to play a cryoprotective role and are commonly induced by different abiotic stresses such as drought and salt treatment. When members of the dehydrin gene family were surveyed in haplotypes of Scots pine sampled in European populations showing divergence for cold tolerance, both nucleotide polymorphisms and significant differentiation in allele frequency or haplotype structure were detected between populations (Wachowiak et al. 2009 ). The interaction between cold and other stress responses has been demonstrated by the low temperature induction of heat shock protein (HSP) family, which is typically up-regulated by elevated temperatures (Ukaji et al. 1999; Lopez-Matas et al. 2004) . Another trait which has been found to interact with cold acclimation is leaf senescence (Masclaux-Daubresse et al. 2007) . During low-temperature exposure plants accumulate sugars (Cook et al. 2004) , an event that has been found to coincide with the onset of senescence in Arabidopsis and tobacco (Masclaux et al. 2000; Diaz et al. 2005) . Cold acclimation in many woody plants is initially induced by short photoperiod and low, non-freezing temperatures. Using a proteomics approach for investigating cold acclimation in peach, Renaut et al. (2008) showed that low temperature was the most significant factor affecting the proteome, while the combination of low temperature and short photoperiod had either a synergistic or additive impact on the expression of some proteins. In addition, a number of genes with known and unknown functions have been found to be regulated by low temperature in many different species, this underlying the extreme complexity of plant cold response (Chinusamy et al. 2007 .
Very few data are presently available regarding cypress cold response and adaptation. In a former work (Pedron et al. 2009 ), a first attempt was made to give an insight into the molecular mechanisms regulated by low temperature in this still poorly studied woody perennial species. Nevertheless, many questions are still to be answered and many aspects of cypress cold acclimation remain untouched. First of all, it is unknown if there are differences in cold resistance among different cypress accessions and if such differences can be effectively measured. In the present study, physiological and molecular tools have been combined in order to highlight differences in low-temperature response among different cypress genotypes. The possibility to correlate such differences to cold resistance is discussed.
Materials and methods

Plant material and growing conditions
Twenty 10-year-old cypress genotypes (identified as accessions no. 7, 15, 23, 26, 27, 30, 32, 33, 41, 42, 43, 46, 48, 52, 64, 67, 70, 75, 88, and 95) were grown in a nursery located in Riva del Garda, Italy. These non-related genotypes, obtained by vegetative propagation from natural trees growing in different locations in Tuscany, were derived from a 30-year-long breeding program of the IPP-CNR of Florence against cypress canker . Two ramets of each genotype were grown in pots with a sand/soil mix (50%/50%), and prior to cold treatment the plants were acclimated at 22°C in a growing chamber for 21 days (14 h light 160 μmol photons m -2 s −1
and 10 h dark). The plants were cold-treated in a daily regime of 14 h light (160 μmol photons m −2 s −1 ) and 10 h dark at 3°C for 15 days. Leaf samples were collected from each plant before cold treatment (control) and after 1, 3, 7 and 15 days of incubation at 3°C. All samples were immediately frozen in liquid nitrogen and stored at −75°C until processing for mRNA isolation.
Freezing cycles
Freezing cycles were performed essentially as described by Cavender-Bares (2007) . In brief, branches with leaves from current-year shoots of similar length and diameter were cut from the three uppermost whorls of each seedling and washed under running water, placed in dark and frozen water-filled tubes in a temperature-controlled freezer box overnight at minimum temperatures of −15°C. The temperature, considered the lower limit for the species in study, was chosen to mimic the worst winter conditions that cypress can survive in northern regions. The freezing and thawing rate was 0.25°Cmin −1 .
To allow recovery, frozen samples were placed in a dark chamber for 24 h at room temperature before measurement of the ratio of variable fluorescence over the maximum fluorescence value (Fv/Fm) (Boorse et al. 1998 ).
Chlorophyll fluorescence
Three branches per plant, excised from different parts of the crown of one ramet of each genotype, were collected on November 28th 2006 and tested in laboratory conditions. All measurements of chlorophyll fluorescence were performed with a portable PAM-2000 Chlorophyll Fluorometer (Walz, Effeltrich, Germany) just after the treatment. Before each measurement, the sample was dark-adapted for 30 min. The angle and distance from the leaf surface to the end of the optic fiber cable were kept constant during the experiments. The leaves were exposed to a 0.8-s saturated flash of approximately 6000 μmol m −2 s −1 to obtain the maximal fluorescence yield (Fm). All measurements of minimum fluorescence yield (Fo) were performed with the measuring beam set to a frequency of 600 Hz, whereas all measurements of Fm were performed with saturating flash automatically switching to 20 kHz. The F V /F M ratio was calculated automatically according to measured minimum and maximum fluorescence yield. The F V /F M ratio [F V /F M = (Fm−Fo)/Fm] was used as a measure of the potential quantum yield, the maximum photochemical efficiency of photosystem II (La Porta et al. 2004 ).
Electrolyte leakage
Branches were collected from one ramet of each genotype on November 25th 2006 and tested in laboratory conditions. Samples were first rinsed in distilled water and then wiped and dried at room temperature. Twenty grams of leaves for each clone was excised from the shoots. After the freezing treatments, the samples were progressively thawed to 4°C for 2 h, cut in pieces of 0.8 cm, and incubated for 24 h in a shaker at 23°C under bank of lights in plastic vials containing 10 ml of distilled, deionized water. Electric conductivity was measured using a WTW 340i conductivity meter (Wissenschaftlich-Technische Werkstätten GmbH, Weilheim, Germany). After these first measurements, the vials with the solution were twice frozen at −80°C for 12 h in order to completely destroy the integrity of the membranes. Then the solutions where again thawed and shaken for another 24 h under bank of lights, and the final conductivity measurements were made with the same procedure as described above. Ionic leakage was calculated as percentage between initial and final measurements.
Transcript level analysis
Verification of transcript levels of selected genes was performed by real-time reverse-transcription-polymerase chain reaction (RT-PCR). Total RNA was extracted from 3 g of cypress leaves using a modified hot borate method, as described in Moser et al (2004) . Contaminating DNA was removed by using a DNA-Free kit (Ambion, Austin, TX, USA.) with 2 U of DNase I per sample and incubated at 37°C for 30 min. Total RNA was quantified with a VersaFluor fluorometer (Bio-Rad, Hercules, CA, USA.) and a RiboGreen RNA quantification kit (Molecular Probes, Eugene, OR, USA) according to the manufacturer's instructions. Total RNA was normalized between samples: 400 ng of total RNA was reverse transcribed with TaqMan reverse transcription reagents (Applied Biosystems, Foster City, CA, USA.) according to the manufacturer's instructions with 2.5 U of reverse transcriptase per sample and 2.5 μM oligo (dT) primers in a 50-μl reaction volume. The resulting cDNA was threefold diluted prior to real-time PCR quantification. The genes, subjected to transcript profiling, were selected from a set of 156 sequences previously isolated in our laboratory and were chosen according to their putative functions so that the set represents several molecular pathways. Primers (Table 1) were designed with the Primer Express software 1.5a (Applied Biosystems, Foster City, CA, USA). Primers developed for cyplp001 were not specific, as multiple melt peaks for PCR products were detected representing several members of the gene family due to their sequence similarity and co-regulation. Real-time PCR quantification was performed as described in Pedron et al. (2009) . Briefly, 3 μl of template was amplified in a 25-μl reaction volume with a primer concentration of 50 nM. PCR reaction was performed as follows: 95°C for 2 min of initial denaturation, followed by 45 cycles at 95°C for 15 s, 60°C for 1 min, and a melting step in which the temperature was increased linearly from 55 to 95°C. Each PCR reaction was done in triplicate and a control sample without template was included. All the data were normalized using Elongation factor 1α as a housekeeping gene (Nicot et al. 2005) . When the raw data of the real-time RT-PCR were examined, this sequence showed stable transcript levels throughout the experiment in both the studied genotypes (standard deviation below one PCR cycle for both clones within the experimental period) and therefore, was utilized as a housekeeping gene against which the transcript levels of other profiled genes were normalized. The clonal transcript levels at the start of the experiment were defined as an anchor point against which the transcript levels of all the time points were related by using the formula of Pfaffl (2001):
where "target" is the candidate gene, "ref" the reference gene, "E" the amplification efficiency now assumed to be 2 for all transcripts, and "ΔCP" the difference in the critical point value of a transcript (the cycle number at which the fluorescence exceeds that of the background) between the control and the sample. In our laboratory, 156 cypress sequences had been previously cloned from a subtractive library enriched in genes regulated by low temperature, and deposited in GenBank (La Porta et al. unpublished) . From these sequences, nine were selected now for transcript profiling based on their putative function deduced after a GenBank search for sequence similarity with the BLASTX algorithm ( Table 2 ). The nine sequences were selected in order to cover different aspects of plant response to low temperature, with the aim to find molecular pathways showing significant differences in the two cypress accessions with contrasting freezing tolerance. Regarding the putative role of the profiled genes, cyplp001 was highly homologous to a HSP, cyplp004 a putative chaperonin, cyplp005 showed homology to a chlorophyll-binding protein, cyplp011 to a serine/threonine protein kinase, and cyplp013 to a putative exonuclease. The sequence cyplp015 was chosen to represent dehydrins, a widely studied cold-regulated protein family, while the sequences cyplp023, cyplp024, and cyplp031 represented different members of senescenceassociated protein class.
Results
F v /F m measure and electrolyte leakage
A total of 20 cypress accessions were selected for the physiological study. All these accessions had shown good field performance for three consecutive winters from 2004 to 2006 (data not shown). The branches used were all collected in late November, therefore, the plants were considered fully hardened. In order to estimate the lowtemperature damage, both the photosynthetic efficiency (F v / F m ) and the electrolyte leakage were taken into consideration. When the photosynthetic efficiency was measured 24 h after freezing at −15°C, considerable clonal differences were observed (Fig. 1a) . While 14 out of the 20 accessions still showed a high photosynthetic efficiency (90% of the control level or more), six appeared more damaged, having a photosynthetic efficiency ranging from 75.4% to 89.1% in relation to the control. Accession 52 seemed to be the most susceptible one, showing a loss of photosynthetic efficiency that was almost 5% higher than that of the second most damaged accession (accession 67). Accessions 67, 23, and 41 all showed an evident loss of photosynthetic efficiency after exposure to freezing temperature, but the effect was less pronounced, their photosynthetic efficiency ranging from 80.4% to 83.3% in relation to the control (Fig. 1a) . Among the accessions still showing high photosynthetic efficiency were clones 42 and 30, which showed a photosynthetic efficiency of 97.5% and 97.2%, respectively, in relation to the control.
Regarding electrolyte leakage test, the differences among accessions were more pronounced (Fig. 1b) . The accession showing the highest ion leakage and thereby the highest Cyplp001For 5′-GACATGCCCGGCGTTAAA-3′ Cyplp001Rev 5′-CCGCTGATTGTCAGCACATTT-3′ Cyplp004For 5′-TGCAACTGAGATCATCTCTTCACTT-3′ Cyplp004Rev 5′-CCTGTTGTAAATCAATCCCAACTTT-3′ Cyplp005For 5′-GGGAGATTAGCCATGTCCTCTATG-3′ Cyplp005Rev 5′-AGTTCTCAATTGGCCCCTTTC-3′ Cyplp011For 5′-GAACTTCGAGGAAGATAATAGTGTATGGA-3′ Cyplp011Rev 5′-GGAACATTGATACGGAGAGATTAATTAA-3′ Cyplp013For 5′-TCTGAATGGAGGCCTTTGGT-3′ Cyplp013Rev 5′-GGGTTGCAATGTTTATCCGAAT-3′ Cyplp015For 5′-TGACAAGATTCCATCACAGAAGACA-3′ Cyplp015Rev 5′-TTGCCGGGAAGTTTCTCCTT-3′ Cyplp023For 5′-CTAACCTGTCTCACGACGGTCTAA-3′ Cyplp023Rev 5′-TGGATTGTTCACCCACCAATAG-3′ Cyplp024For 5′-TGAGCACTGCAAAGCTTATAAAACTAA-3′ Cyplp024Rev 5′-CTGGTGTCGTAGGCAACTTGAA-3′ Cyplp031For 5′-GCAGCAATTGGCACACGAT-3′ Cyplp031Rev 5′-CCTCAGCAAGTTTATTGCACACTCT-3′ estimated membrane damage was accession 52 (97.1% of the control value), followed by accessions 41 (88.9%), 33 (86.4%), and 67 (84.3%). Accession 30 showed the lowest ion leakage (32.3% of the control value), followed by accession 27 (38.7%). Other clones with good performance included accessions 42 (47.6%), 64 (56.4%), and 32 (56.5%). When the ranking of clones in the two physiological tests were compared, only partial correlation was found (Fig. 1c) . While some of the accessions ranked similarly, others showed somewhat differential performance in the two tests. Accessions 30 and 42 were among the more resistant accessions according to both tests, while accessions 41, 52, and 67 were in both tests classified as very susceptible. Accession 27, on the contrary, showed little membrane damage when electrolyte leakage was measured but only average performance in photosystem activity. A similar pattern was observed for accessions 64, 32, and 15.
Transcipt profiling
As a first approach, two cypress genotypes that showed contrasting cold tolerance based on photosynthetic efficiency and ion leakage measurements after freezing were subjected to transcript profiling. Accession 52 showed the highest damage in both experiments, while among those accessions showing little damage, accession 30 was selected as the best overall performer. In order to find transcriptional differences during the development of hardening, the transcript levels of the selected sequences were profiled by real-time RT-PCR in these clones for a period of 15 days at 3°C.
Most of the selected sequences showed similar upregulation patterns between both cypress accessions during the low-temperature treatment, but in some cases, apparent differences could be seen also (Fig. 2) . The dehydrin cyplp015 was similarly induced in both accessions during the treatments, transcript levels of the gene showing a continuous increase along with incubation time; after 15 days of incubation at 3°C, both genotypes showed appr. 200-fold higher transcript levels than were observed prior to cold exposure (Fig. 2a) . Similarly, the serine/threonine kinase cyplp011 showed no differences between the two accessions, its transcript levels peaking 1 day posttreatment, followed by a slight decline after day 3 of cold Fig. 2 Transcript profiles of four up-regulated cypress sequences in the cold-tolerant accession 30 and cold-susceptible accession 52 during cold acclimation at 3°C. a cyplp015, b cyplp011, c cyplp004, d cyplp013. Y-axis shows the relative transcript levels in relation to transcript levels measured in control at day 0 and referred to with transcript level value 1. The standard deviation shown indicates variation between three PCR replicates. All the data were normalized using elongation factor 1α as a housekeeping gene treatment (Fig. 2b) . In contrast, marked clonal differences were observed in the transcript level of the putative chaperonin cyplp004. A higher induction rate was observed in accession 52 than in accession 30, the clones showing respectively 25-fold and ninefold higher transcript levels at day 15 post cold exposure, in relation to the start of the experiment (Fig. 2c) . The exonuclease cyplp013 showed a higher initial induction rate in clone 52 than in clone 30, but after day 3, an opposite pattern in induction was true (Fig. 2d) .
Not all the sequences studied were up-regulated during cold treatment. Cyplp001 and cyplp005, a HSP and a chlorophyll-binding protein respectively, were both downregulated during exposure to low temperature. For both genes, clone 30 showed higher initial down-regulation rate than clone 52 (Fig. 3a and Fig. 3b) . When the three members of the senescence-associated protein family were examined, both clonal and gene-specific regulation patterns were observed. Both clones showed a similar induction rate of cyplp024 up to day 7 post-treatment, after which its transcript level stabilized (Fig. 4a) . Regarding cyplp031, its transcript levels stabilized at day 7 in clone 30, whereas clone 52 showed continuously increasing transcript levels throughout the 15-day-long cold exposure (Fig. 4b) . The third gene in this group, cyplp023, showed a higher initial induction rate in clone 30 than in clone 52 by day 1 posttreatment, after which the transcript level stabilized in both clones (Fig. 4c) .
Discussion
Plant adaptation to low temperature has been extensively studied, as most of the perennial plants have to cope with winter temperatures below the freezing point and in many cases with temperatures below −20°C (Larcher 2001) .
Considering the likely climate change-driven anthropogenic northward spread of many plant species that are not always adapted to withstand cold winters (Hansen et al. 2006; Kelly and Goulden 2008) , increased knowledge about the molecular mechanisms controlling plant response to low temperature is warranted. This is true especially for those plants, like cypress, that are normally used as ornamental trees and therefore can be planted considerable distances from their natural environment.
Moreover, woody perennial plants are characterized by a long life cycle and are therefore much less suitable than herbaceous species for molecular studies (Wisniewski et al. 2003) . Nevertheless, finding new accessions that can survive low temperatures would be of great interest, especially in those areas where a single harsh winter could cause extensive damage.
Plant response to this abiotic stress is extremely complex and involves many different traits of cell biology (Fowler and Thomashow 2002; Hirayama and Shinozaki 2010 ). An earlier study showed that cypress is capable of responding to low temperature regulating a number of genes that were found involved in hardening development in many species (Pedron et al. 2009 ), suggesting the presence of coldadaptation mechanisms in this Mediterranean tree.
In order to understand if and how it is possible to exploit differences in low-temperature response among cypress accessions to evaluate different levels of cold tolerance, in the present work, an approach combining physiological and molecular measures was used. To evaluate photosystem II (PSII) damage, chlorophyll fluorescence was measured after freezing of leaf samples to −15°C (Baker 2008) . Most of the cypress accessions examined showed little variation in F v /F m when compared to the untreated control (Fig. 1a) . This is probably due to the fact that all the samples had been collected in late November when night temperatures in the field ranged between −1.5°C and −6°C (data not control at day 0 and referred to with transcript level value 1. The standard deviation shown indicates variation between three PCR replicates. All the data were normalized using elongation factor 1α as a housekeeping gene shown) and thus, the plants were already fully hardened. It has been shown for many species that freezing tolerance varies between seasons (Corcuera et al. 2005; CavenderBares 2007; Holliday et al. 2008) . For example, a clear decrease of F v /F m value corresponding to tissue damage was observed when needles of contorta pine (Pinus contorta) and Scots pine (Pinus sylvestris) collected from non-acclimated plants at the beginning of September were subjected to freezing stress (Lindgren and Hällgren 1993) , whereas no severe inhibition, but only a delay in photosynthetic recovery, was observed when photosynthetic responses of winter-acclimated Scots pine seedlings were followed after transfer to simulated spring conditions with intermittent frost events (Ensminger et al. 2008) . Similarly, no considerable changes in F v /F m were found when leaves from acclimated plants of two evergreen oak species were subjected to −10°C (Cavender-Bares 2007). All these findings from other species are consistent with the results presented in this work and support the application of F v /F m measurements to identify differences in cypress freezing tolerance. As a conclusion, the accessions showing notably reduced photosynthetic efficiency, and particularly clone 52 which showed only 75.45% of the control F v /F m , can be considered more susceptible to freezing damage to PSII after hardening development. Measurement of electrolyte leakage was employed to quantify cold damage to cellular membranes (Hong et al. 2009; Strimbeck et al. 2008) . Broad variation was observed among the cypress plants studied (Fig. 1b) , accessions 52 and 30 representing the most or least damaged clone, respectively. Correlation between electrolyte leakage and resistance to various abiotic stresses has been established in many plant species. Based on temperature-relative electrolyte leakage curves, Strimbeck et al. 2008 showed that boreal species in the coniferous genera Abies, Picea, and Pinus were capable of more rapid and efficient cold acclimation than the corresponding temperate ones. Interspecific hybrids between Pinus strobus and Pinus wallichiana presented differences in freezing-induced electrolyte leakage in different acclimation stages (Lu et al. 2007 ). All the hybrids containing 75 or 85.7% Pinus strobus genome showed greater cold hardiness than those containing only 50% Pinus strobus genome. The electrolyte leakage tests have also been employed to profile differences in cold resistance between different provenances of several oak species (Morin et al. 2007 ). The electrolyte leakage and photosystem efficiency data were now compared for the cypress clones (Fig. 1c) . The moderate correlation obtained between clonal electrolytic leakage and photosystem efficiency following artificial freezing was not surprising, as the two methods take into account different parameters and while electrolyte leakage can be considered an estimate of the cellular membrane damage, F v /F m shows the efficiency of photosystem II, which can be impaired even without physical membrane damage (Saibo et al. 2009; Yamamoto et al. 2008) . The two techniques were used to measure cold damage at different freezing temperatures in Arabidopsis (Ehlert and Hincha 2008) and while a general correspondence was found, differences between the two methods were highlighted. According to the results presented in this paper, most of rank changing was observed for those accessions showing average cold tolerance. Again, this was not 4 Transcript profiles of three cypress senescence-associated sequences in the cold-tolerant accession 30 and cold-susceptible accession 52, during cold acclimation at 3°C. a cyplp024, b cyplp031, c cyplp023. Y-axis shows the relative transcript levels in relation to transcript levels measured in control at day 0 and referred to with transcript level value 1. The standard deviation shown indicates variation between three PCR replicates. All the data were normalized using elongation factor 1α as a housekeeping gene surprising as, especially when F v /F m was measured, most of the cypress accessions showed very little differences. In order to select two accessions with contrasting frost tolerance to be used in molecular experiments, accession 30 and accession 52 were chosen as contrasts for both chlorophyll fluorescence and electrolyte leakage following freezing.
Most of the candidate transcripts examined were upregulated during cold treatment in both cypress clones displaying difference in cold tolerance (Fig. 2) . Recent global monitoring of the Sitka spruce (Picea sitchensis) transcriptome showed considerable reprogramming during autumn cold acclimation; among those up-regulated were dehydrins, pathogenesis-related/antifreeze genes, carbohydrate and lipid metabolism genes, and genes involved in signal transduction and transcriptional regulation (Holliday et al. 2008) . Dehydrins are among the most intensively studied cold-inducible genes and are thought to play a protective role during cellular dehydration (Rorat 2006) . Over-expression of dehydrins in transformed plants has enhanced freezing tolerance (Peng et al. 2008; Puhakainen et al. 2004) . Since their discovery, numerous reports have shown their accumulation in both herbaceous (Welin et al. 1995) and woody species upon cold stress (KontunenSoppela and Laine 2001; Dhanaraj et al 2005) . It has been suggested that dehydrins play a role also in winter dormancy, as some members of the family were gradually down-regulated in Norway spruce plants approaching flushing (Yakovlev et al. 2008) . For the dehydrin cyplp015, no difference in the up-regulation rate was detected between the two accessions, suggesting that the clonal difference in cold tolerance is not related to transcriptional regulation of these genes. However, it should be kept in mind that the size of these gene families in cypress remains unknown, and that the different members are not necessarily functionally redundant. A search for nucleotide diversity patterns in dehydrins between northern and southern populations of Scots pine showed significant differentiation between populations in allele frequency and haplotype structure of two dehydrins (Wachowiak et al. 2009 ). Cloning of the different members of the gene family in cypress and investigation of their transcriptional activation and regulatory factors are clearly warranted in future studies on cold tolerance of the species. Serine/threonine protein kinases, particularly a specific class named mitogen-activated protein kinases, are thought to play a central role during the transduction of various cellular signals (Mishra et al. 2006) . Another class of kinases containing a serine/threonine domain is the calcineurin Blike protein-interacting protein kinases which have been involved in stress signaling (Xiang et al. 2007 ). For the serine/threonine cyplp011, no difference in the upregulation rate was now detected between the two accessions. In contrast, apparent clonal differences were detected in the transcript profile of the exonuclease cyplp013, the gene showing a higher initial induction rate in clone 52 than in clone 30. Plant ribonucleases are involved in mRNA degradation during the post-trascriptional control of gene expression (Wilusz and Wilusz 2004) . In Arabidopsis a poly(A)-specific ribonuclease (AtPARN) has been related to stress, the gene being induced by high salinity, osmotic stress, and Abscisic acid treatment (Nishimura et al. 2005) . The cypress chaperonin (cyplp004) was up-regulated in both clones throughout the experiment, but the coldsusceptible clone 52 showed a higher induction rate. Molecular chaperones represent a protein class responsible for protein folding, assembly, translocation, and degradation, both during normal growing conditions and upon abiotic stress. A function in stabilizing cellular membranes and in protein refolding during stress has been hypothesized for the class (Wang et al. 2004 ) even if different members are not necessarily functionally redundant, but can differ in cellular localization and function. Obviously, the chaperon gene family provides another promising candidate for cloning and subsequent investigation of the transcriptional activation and regulatory factors of the individual gene family members in cypress. HSPs are also considered to act as molecular chaperones (Iba 2002; Wang et al. 2004 ). Cyplp001 showed homology to HSP17 class and resulted to be down-regulated especially in accession 30, while less clear results were found for accession 52 (Fig. 3a) . Generally, HSPs are up-regulated in plants during hightemperature treatment (Sapitnitskaya et al. 2006) , while their behavior during other abiotic stresses is far less characterized. In apple, different members of the HSP family resulted to be induced after drought treatment, but no over-expression was found following low-temperature treatment . Several proteins belonging to the HSP family were found differentially expressed in the population of Norway spruce adapted to different elevations (Valcu et al. 2008) . Down-regulation of photosynthetic capacity has been shown to parallel gene regulation in several conifer species: members of the early light-inducible protein family were found to be up-regulated, while photosystem II core protein D1 was down-regulated in winter when photosyntetic efficiency was lower (Zarter et al 2006) . The putative chlorophyll a/b-binding protein cyplp005 was downregulated following cold exposure, a higher downregulation rate being observed in the cold-tolerant clone 30 than in the cold-susceptible clone 52. The chlorophyll a/ b-binding (Cab) family is composed of at least 30 different members in Arabidopsis (Jansson 1999) . These proteins are associated either with photosystem I or photosystem II, and their primary function is to absorb light and to transfer energy to photochemical reaction centers (Green and Durnford 1996) . In Arabidopsis, a Cab protein of photo-system II was down-regulated during photo-oxidative stress caused by light and cold (Montané et al. 1997) , and more recently, a down-regulation of different members of Cab protein family was demonstrated in apple during lowtemperature exposure . Finally, the three senescence-associated proteins considered were all up-regulated in both clones following cold exposure, but clone and gene-specific patterns were observed in the transcript profiles. Considering the complexity of senescence regulation, including mobilization and degradation of macromolecules and transient regulation of numerous metabolic pathways (Van Doorn and Woltering 2008; Bailly et al. 2008) , it would not be surprising if some of the genes up-regulated during this process also had a role in cold acclimation. An interaction between cold acclimation and metabolic regulation of leaf senescence has been suggested in Arabidopsis (Masclaux-Daubresse et al. 2007 ).
In conclusion, based on measurement of chlorophyll fluorescence and electrolyte leakage following an artificial freezing test, our data show that cypress accessions display variation in cold tolerance. Two cypress clones, representing extremes in freezing tolerance among the 20 cypress accessions screened, were subjected to transcript profiling of candidate genes upon an experiment where the plants were exposed to 3°C for a 15-day-long incubation period. No clear correlation was found between the physiological and transcript data. In general, it could be envisaged that a rapid host response upon a stress situation is essential for stress tolerance and indeed, the clones displayed differences in the regulation rate of several sequences. Increased knowledge about the roles of such genes during plant low-temperature adaptation is required in order to identify biomarkers that could be used in breeding programs to increase cold tolerance in cypress.
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